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INTRODUCTION 


The conclusion of World War If if 1945 ete the 
Navy Department with the problem of kecpinz large numbcrs 
of ships in caretaker status. Among the largest of "there 
vessels are the battleship type floating drydocks, eight 
hundred and twonty-seven feet in length. Some of these 
docks are moored in typhoon areas and future operations 
may require the service of these vessels in areas Where 
high Witid YVelocities may be expected, 

Past investigations of the mooring problem involving 
this type of floating structure have not been exhaustive, 
Que to the complicated nature of the problem, and because 
the moorings used have proved adequatc. There has been con-= 
cern, however, ae to the safety of these moorings une@er 
2xtreme conditions of wind and sea. The highest wind velo- 
cities experienced oy 4 vessel] of this type occurred during 
2 Stomh With Wind volocitics variously reported fron 70 to 
90 miles per hour. In another storm With winds at 120 miles 
per hour, several docks of a smaller type were lost. The 
peseibility of the loss of a larger dock, built at & Cost 
of 330,000,000. points to the advisability of a moro re- 
fined method of analysis. 

The flexural strength of a large dock when subjected 
to lateral loads, such as those resulting from wind, 
current, or wave forces, has never been investigated, 


according to cognizant engineers of the Bureau of Yards 


and Docks. The arrangement of tae basic mooring system 
for these docks tends to cause bending moment, and Tesmitine 
flexural stresses, under the action of these latepal loads, 
The object of this study is to develop 2 Method of meq 
termining the loads in the horizontal plane, calculating 
the resulting shcars und moments and determining the approx- 
imate sitreisses resulting therefrom, having given the G1.s- 
tribution of wind, current, or wave forces and having given 
& Specific mooring plans AT the time of Writing, Uae only 
available data on load distribution involve wind only, 
Studies at the David Taylor Model Basin at Yashington, D. ¢C. 
will produce further data on force distribution from model 
tests. 
Since the reactions of the mooring chains are a8 Sn- 
portant a part of the loading as the oxternal ferecs on Hive 
cvystem, a method of determining these reactions consistent 


with the actual physical conditions had to be devised, 


APPLYING THe CATENARY TO THE PROBLEM 


Any moored object, when subjected to a dis- 
placing force, moves in a direction detemtimed by 
both the force itself and the restraining action 
of the mooring chains. This displacement causes 
the catenary of the mooring chain or chains to 
alter so as to provide an additional restraining 
force, and thereby restore equilibrium. With a 
small number of chains, the problem of evaluating 
the forces exerted by the chains would be simply 
solved by applying the mathematical equation of a 
catenary., However, the solution for a floating 
object held by a large number of chains, such as a 
floating darydock, requires special treatment. 

Reference to the gptneral phan, Figure 1, 
shews that the —specife example used in thitestudy 
is a ten Section battleship type floating drydock 
moored by means of thirty two chains arranged in 
opposing pairs. An assumption of the analysis 
used to determine the chain reactions, to be dis- 
cussed in a different section, is that the same 
deflection will be experienced by both chains in 
any one pair. That is, if the end of chain L-l, 


which is fastened to the dock, moves twenty feet 


forward, the end of chain L-2 also moves twenty feet 
forward, If d-2 moves twenty feet to port, d=1 also 
moves twenty feet to port. This assumption, in effect, 
disregards the effect of rotation of the dock, which 
would cause different displacements in any one pair. 
The error caused varies as the versine of the angle of 
rotation, and for small angles the versine is nearly zero. 
These pairs, then, may be considered to act as a 
unit. “Hach chain has its force-displacement character- 
istic, and the charactéristics of the two chain's qey 
be combined to produce the characteristic for the pair, 


The basic formula of a catenary is: 
Wy 
yY = =(cosh wx -1) (az) 


from which, 


s = # sinh wx (2) 
i A 
and 

T= H* wy. (3) 


where; 
y is the vertical distance from the point where 
the tangent line to the chain is horizontal 
to the point in question, 


H is the horizontal component of the tension at 
any point on the catenary, 


wis weight per foot of the chain, 


x is the horizontal distance from the point where 
the tangent line to the chain 16 herazons 
tal to the point in quwestion, and 

T is the tension im the chaim at the poems 7; 

all expressed in consistent units. 

If a force F be applied to the pair of catenarys 
shown in Fig. 2, they will deflect a di@tamce xk: Bae tio 
catenaries have each a different horizontal component of 
tengion @nd catenarys ef different shapes, 

If one of these catenaries be detached and a force- 
displacement characteristic found, that for the combina- 
tion may also be found. Referring to Figure 2, a chain 
is laid on the bottom in y feet of water, and one end 
if brought to the surfacé. Position CD reprebents Zere 
disphacement and zero Toree in the horizontal, Petition 
AB represents x displacement, x! abscissa of the catenary, 
aitd H Morizontal force, 

Let w be unity, causing the expression H/w to be 
simply H. Let the horizontal distance from the point on 
the catenary in question to the point where the tangent 
to the chain is horizontal be designated by x! 

Then’ 


y = H(cosh x' - 1) (4) 
H 


and 


s = H sinh x' (5) 
H 


and 
Tes Fs (6) 

from (L), (2), and (3). It is obvious thateshould @ ve 
other than unity, the equations (4), (5), and (6) may 
still be utiliaed, the final horizontal force and Tension 
being the horizontal force and tension obtained by these 
equations multiplied by the weight of chain per foots 

To find values of x' and H, the following procedure 
is used: 

1. Assign an arbitrary value to x'/H. 

@. Determine H from H « 9/(cosh 20/H = Lbs wh FRE 
depth of water, is known, 

3. Having H, determine xt from x' s (x'/H)(H). This 
procedure is necessary because x'/H must be used 
as a type of parameter, cosh x'/H appearing in 
ehe expression, 

4. Let AD be designated As. 8 = y + @2 8, both sides 
ef the equation representing the distanee frem the 
point B to the end of the chain, Therefore, As 
is @qual to & 1686 ¥, Ors 

AS « Hisinh x' = (cosh x! - 1)). (7) 

5, From the a may be -_ by taking As from 

x!, 


6. T 48 H plus 7, 


re | | 


These six steps may conveniently be arranged in a 
table, the procedure which is followed in the discussion, 
After the results are tabulated, they are plotted ona 
graph, horizontal force and tension against displacement 
of the upper end of the chain. 

In order to obtain numerical results, y, the depth 
of water, must be established. Operating conditions for 
the type of dock studied require a minimum depth of 
eighty feet to allow submergence to receive the ship to 
be docked.+ A depth of ninety feet has been selected for 
this discussion. Table 1 contains the computations for 
H and T in terms of x for this depth. 

Discussion with engineers of the Bureau of Yards and 
Docks of the Navy Department indicated that a length of 
chain of seven hundred feet from tne edge of the deck to 
the anchor weuid be 4 representative length used in @ 
depth of ninety feet. That length is used in this dis- 
cussion. 

It will be observed that a value of x'/H of 0.259 
gives a length of catenary of 2670x0.2619 = 699 feet. 

At this point, the chain is just ceasing to be tangent to 
the bottom. The origin of the curve will then no longer 
lie on the bottom, but will fall to some point below the 


bottom, and the relationships used are no longer true. 


1 Prederick R. Harris, Inc.,"Operating Manual, 


Battleship Dry Dock" 


When this oceurs in this cage, x has a veilue .orso7 ee 
The zeometry of the mooring is such @hat When @Ghe  caaanga 
in a straight line, giving H @an@ T veluee inteaive Be ies 
x is 85 feet. Should tae chain be infiniser in em im, Tie 
value of (x'/H) approaching zero, the x distance will be 
ninety Bese. 

Fisure 4 shows horpiz@mtal force and tension plotted as 
a fumetion of the kedistence. The dotted curve fren 62 be 
90 feet is the curve oDtaimed Prom the calewhatwemsn, The 
sold curve fréem Se to Sb reer Hs obtained Wy leek ue tae 
calculated curve at the 82 foot pomnt with Sscurvertaiigert 
to tne ord @inal curve at that point amc agymptovically 
approaching infinity et 85 feet. Inseve@tionwl the cumees 
will shew that the possibility of error frem this pmetecume 
if sligyt in the range 82 to 63 Teet ,, comsidéerink ou ele 
tave @2ccuracy of points plhotved in that Steep portion of Whe 
curve. 

When a mnocering is laid in the field, an ini@ieah Uemeison 
ws put on the chains. This initbed tension prevents the 
dock from drifting about within the mooring area. Uxperience 
im the field has shewWwn that a tension of ten tasukand pounds 
is attainadle with the standard equipment used for moorinz 
the vessel. 

hen t#o Chains havimg the characteristic such as 
Pigure 32 @ire cornected to the @ock So Torm & pair, Fi Fame 


&, the pair if exerting no force on thé dock in the hori- 


zontal direction, each chain has the Same vwalWwe Gf wntem 
tension, since the horigontal forces exerted by each mame 
equal and opposite, and the weisht per foot of chain is 
the same for both chains. The tension 621 Stin® in tor 
chains of this system is the initial tension Which is 
attainable in practice, about 10,000 pounds. In order to 
correlate this tension with the tension characteristic 
obtained for the chain weizhing one pound per foot, the 
Meizht per foot of the chain under study must be deters 
mined; The chain for the standard mooring of this dock 
ve ©” @aet steel chain, which Wéizhs 72.5 poun@s per feos, 
Buomerfed im sea water. If the chain weighing 72.0 "as @ 
tension of 9750 pounds, the chain weighing one pound per 
foot has &@ tension of 9750/7245 « 134.5 pounds, Reherming 
to Figure 4, horizontal displacement against tension and 
Homizontadl forae for a Single Chain, @ chain Wei gaime ere 
pound per foot with a tension of 134.5 pounds has a dis- 
placement of 42 feet. It follows that 4 chain wei galing 
7e.6 pounds per foot with a tension of 9,750 pounds also 
has a displacement of 4e feet. Although the pair of wo 
Ghaine exerts no resultant horizontal force, @ath chain 16 
displaced fron the zero position a distance of 42 feet. 

It 18 now possible to obtain the characteristic of 
thit pair of chains. Referring to Pigure 5, if the system 


is displaced x feet to the right, the chain A has a dis« 


placement of 42 plus x feet, with a corresponding force 
H,, and chain B has a displacement of 42 minus x feet, 
with a corresponding force Ho» read from the character- 
istic of one chain. The force; F, correspondin:= te thus 
displacement is Hy minus Ho- For example, when x equals 
20 feet, chain a has a displacement of 62 feet, and chain 
3 hee a dispimcement of Ze feet; AH for chin A i Dae 
peunds and H for chain B is 11.5 pounds. F for x equals 
ao feet 2s P72 pounds, 

in this manner; the data for Figure 5, the paot or 
horizontal force against displacement of a pair of chains 
“eiching one pound per foot With an @nitial tension of 
154.5 pounds in ninety feet of wator, is obtained. Ata 
G@ispiacement of 43 feet, chain A has @ disphee@ement ‘or 
So feet) Pivh a resulting horizontal Torce of inilima te 
macritues., There>cre,; the curve approgehes the 46 Toot 
abscissa asymptovically. Table 2 shows the computation 
used in obtaining this curve. 

The method used in finding chain reactions requires a 
plot ©f the first derivative of the horigontal foree vs. 
displacement curve. This was obtained by measuring the 
Slope of the curve and taking the tangent of the angle, 
multiplying by the scale of the plot. 

Throughout the remainder of this discussion, the 
term "x" shall refer to displacement of pairs of chains, 
as shown in Figure 5, and not tho displacement of a single 


chain, as shown in "igure 2. 


THE WIND LOADING 


It is intended that this metnod of analysis be adap- 
table to any type of horizontal loading, as long as that 
loading can be converted to transverse and longitudinal 
forces and yawing moment. There 18 the additional quahi-— 
fication, however, that the distribution of tne load along 
the dock must be known. It might be assumed that the knowe 
ledge of the total forces might be sufficient to enable 
determination of the chain reactions, and therefore the 
moment produced in the dock structure; but it would be 
necessary in that case to assume an arbitrary load dis- 
tribution in order to determine shear and bending mement 
im the docks ™.: wind distribution curves used in this 
study were acon sec as the most representative available 
in the absSermt«c cr actual experimental resulta, 

It is arctir.pated that experimental data will be ob- 
baimed in the fucure by the Bureau of Yards and Docks, 
which will provide more accurate load distribution curves 
for wind and current forces. The wind pressure distribu- 
tion curves of Figure 6 were obtained after consultation 
with ivr. A. Amirikian of the Bureau of Yards and Docks. 
They represent the azzrezate results of several years of 
oxtensive research by ‘ir. Amirikian, and they are con- 


sidered the most reliable curves available, 
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In order to utilize the pressure distributian Curves, 
the following assumptions were made. They can be better 
visualized with the aid of Figure 1; 

1. A dock length of 827 feet, divided into 10 ¢qual 
sections of 82.7 feet. The nine S-foot splices between 
sections were considered as integral parts of the ten 
80-foot sections. 

2. A dock draft of 8 feet, giving 20 feet of freeboard, 
This condition is considered to be normal with no ship in 
the dock. 

5. ““ffective areas for outboard and inboard sides of 
the wingwalls were computed as follows: 

Outboard: 

Reight: 20 foet freeboard #4 56 feet wingwall 
- 76 feet. 


Yength: 627 feet 
Area: 76 x 827 = 62852 feet” 
Inboard: 
Height: 56 feet 
Length: 827 feot 
Arca: 56 x 827 = 46312 feet” 
4. <“ffective area for the longitudinal forces was com- 
puted as follows: 
Wingwali height: 56 feet 
Wingwall width: 20 feet 


Area per wingwall: 1120 feet” 


aheryve he Abele 


~ | Al thet «ie 


“ea Se OL & | lee Bee theres 


ll 


Section width: 256 feet 


Freeboards: 20 feet 


Areas: 


5120 feet© 


Total area: 5120 + (2 x 1120) = 7360 feet” 


5. The effective side areas were assumed to be the 


projected areas, since it is manifestiy impossibie to take 


into account the slight irregularities of the ends of the 


individual sections. 


In order to evaluate the forces, the following for- 


mula was also 


where 


Ac 


supplied by Mr. Amirikians 


P = .00256 V“ pA 


the force in pounds 

the wind velocity in miles per Wour 

the ordinate of the wind pressure distribue- 
tion curve obtained by approximate integra- 
tion over the area 


the area in square feet 


For the purpose of this study, a wind velocity of 


120 miles per hour was chosen. It is considered that this 


is the highest constant wind which could be encountered, 


even thouzh some gusts might be of momentarily groater 


velocity, 


The values of p were obtained by approximate integ- 


ration by rectangles, with the ordinates read at the 


center of each of the ten sections. The lever arms wore 


2 


measured from the center of moments to the center of the 


section under consideration. The center of moments was 


taken at the center of the first windward section. The 


results are tabulated in Tables 3 and 4. 


Definition of the column headings in these tablet mew 


aid in fello@Wing the method of computation. Im Tabivte G, 


they are as follows: 


1. Wind angle 


ey onde 


oS» Settion 


The acute angle made by the wind with 
the longitudinal axis of the dock. 
Side 1 represents the outboard wind- 
ward surface, Side 2 represents the 
inboard surface of the windward wing- 
wall, Side 5 the inboard surface of 
the leeward wingwall, and Side 4 the 
outboard surface of the leeward wing- 
wall. 

The number of the section, Numbering 
from the "bow". The "bow" will be 
taken as the end against which the 
wind is blowing. 

The ordinate of the wind pressure 
distribution curve as proviously 


defined. 


5. Number of Sections - The numbor of sections from the 


bow section, containing the center 
of moments, and the section consid- 


ered. 


e eee 


Sp eed et 
- 


2P 
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The moment of the p ordinate expressed 
in terms of mumber of seebiions com 
tained im the lever Gra, 
The summation of p over 10 sections. 
The resultant lever arm of $p, expres- 
sed in number of sections from the 
center of the bow section. 
The resultant lever arm of ¢p, Gxpreé. 
sed in number of sections from the 
center of thé entife dock, i.Gs, Bee 


tween sections 5 and 6% 


Gre columm headings of Pable 4 ame as Hollows: 


Dh, 
Bs 
o 
4. 


De 


8. 


“ind angle 
Force name 
Smee 

éPp 

A 


pA or pAY¥ 


Total 


As defined above. 
Transverse, longitudinal, or moment. 
As defined above. 
As defined above. 
The area of the entire side under 
consideration. 
As defined above. 
For transverse and longitudinal for- 
ces, pA equals the product of 7 X 
O 

the total side area. For moments, 
pAyY equals 2 kaw & O27. 

) 
The sum of the forces on the sides 
or pairs of sides, from column 7, 
The force, equal to column 8 x .00256 


v". 


The forces resulting from a wind at 45° to the longitud- 


inal axis of the dock were chosen for this study since 
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they represented the worst combination of transverse 

force and moment. As can be seen from comparison of the 
results at 30°, 45°, and 60°, neither the transverse force 
nor the moment at 45° are the largest values obtained; the 
largest moment occurs at 30° with the smallest of the three 
transverse forces, and vice versa at 60°. The condition 

at 45° was therefore considered the most critical of the 
known conditions, 

In order to detcrmine shear and bending moment at any 
section, it was convenient to also express the wind loads 
as a concentration upon each section. These forces were 
computed in accordance with previous assumptions and are 
tabulated in Table 5. The column headings are as before, 
with the exception of the following: 

Ps - Total ordinate per section for pairs 

of sides with equal aroas. 

A - Side areas per section, 


1 - Force on the section, 
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DETERMINATION OF CHAIN RsaCTIONS 


Methods previously used to determine chain reactions 
on floating drydocks are as follows: 

1. Given lateral force, longitudinal force, and moment, 
the formula - $ ~ is used, as described by Frederick R. 
Harris, Inc., "Design Assumptions, Floating DryDocks", 
where P is the lateral force, A is the number of chains in 
the two quadrants resisting the moment, M is the moment, 
ec is the distance to the chain at the greatest distance 
from amidships, and I is the sum of the second moments of 
the chains in the two quadrants resisting the moment. The 
result is an approximation of the horizontal force in the 
most highly stressed chain. This formula is acceptable 
for short docks only. 

2. A trial and error method has been used. The effect 
of lee chains is disregarded. A plot of horizontal force 
against displacement, similar to Figure 4, is used. A trial 
and error solution is used to obtain equilibrium, an assump- 
tion of dock position being made, which determines the dis- 
placement of all chains, and the force exerted by each. If 
these forces do not produce equilibrium, another assumption 
of dock position must be made. This method was rejected 
both because the lee chains were neglected, and because of 
the difficulty of obtaining accurate results. It will be 
observed that an error in position of as little as 0.1 feet 


will produce a very large change in chain reaction. 


o. A letter to the Bureau of Yards amd Deeks fren the 
field outlined a method which consisted of determining the 
total wind force against the projected broadside area and 
dividimg by the number of pairs of chaines The gesult aé 
an approximation of the horizontal force in one chain. The 
method is decidedly inferior, as the effect of moment caused 
by the wind is disregarded, and the effect of the catenary 
relationship is not included, 

4. Frederick R. Harris, Ine., Consulting Enginmeeré, 

New York City, designers of the AFDB, used a method ine 
volving the use of indeterminate analysis combined with the 
catenary rebationship which is not in print, ner evailable 
at the Bureau of Yards and Docks. This method is mentioned 
in "Design Assumptions and Methods, Floating DryDocks", by 
Prederick Me Hawrins. 

Considering the inadequacy of the first three methods 
mentioned, and the unavailability of the fourth, itis 
necessary to develop a method of analysis which utilizes 
the catenary characteristics of the pairs of chains used in 
the mooring, which achieves equilibrium with a high degree 
of accuracy, and which evolves a definite answer without 
laborious trial and error. 

The method used is an approximation and correction 
process. The process proceeds in steps; first the lateral 
and longitudinal forces are applied alone, the resulting 


displacements are found, an increment of displacement 
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necessary to produce the proper moment i8 introduced, @nd 
the resulting chain forces are found, with their respeetive 
displacements. To these displacements an increment of aGie- 
placement is added to restore the preper transverse and 
lateral forces. Then another correction for mement se 
applied, the process being carried on in this way until the 
error is reduced to acceptable proportions. Experience 
shows that about six approximations gives about 0.5% error 
in equilibrium. 

A complete description of the method follows, 

Assumptions: 

1. The dock is rigid and does not deflect transversely: 

2. The effect of dock rotation on the distance between 
the chainsvol any ome pair is megligibiic, 

Oo. All chains are as described in the discussion of 
we cChavenary, that is, 700 Teet long, in 9O Peet of @aiver, 
weigh 72.5 pounds per foot submerged in sea water, have 
9750 pounds initial tension, and are laid either perpendice- 
ular to or parallel with the center line of the dock, 

4. As the dock moves in a direction perpendicular to 
the line of a chain, thus swinging tne chain through a 
Slight arc, the effect of the change of the line of action 
of the ehain is negligible. 

5. There is no vertical movement of the dock. 

6. The @nchers do not drag, 


7, There is mo elastic elongation of the chains, 


Definitions: 
ael, a-2, 


P 


are 2 


Delta Xx, 


Delta My 


CUCK sy 
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Chain designation, as shown.i1n Fig. as 
An external force, either transverse 
or longitudinal. 

The horizontal force in a pair of 
chains resulting from the nth approx- 
imation. 

The displacement of a pair of chains 
as a result of the nth approximation. 
The first derivative of F with nee 
spect to x for the value of x, ex- 
isting as a result of the méh apprex- 
imation. 

The correction to be added to x, to 
give the value of x for the next 
approximation. 

The moment about the center produced 
by a pair of chains in the nth approx- 
imation. 

The correction te be added ‘to M, 
which restores equilibrium with the 
external moment, 

The distance from the center of the 
dock to the point where the chain, or 
pair of chains, are fastened to the 
dock, measured along the axis of tho 
dock which is perpendicular to the 


linc of the chain, 
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CaM - The sum of tne increments of moment 
in all the chains to restore equili= 
briunm. LAM = Sum of Delta M,. 
Referring to Figure 7, if the force P aloné¢ is a&ppited 
to the dock, each chain has the force F, = P/N, where N is 
the number of pairs of chains capable of resisting the forces 
Where P is lateral foree, N is i4: Where P 18 lomgi tidizmal 
force, N is 2s Discussing only lateral effects, as in 
Figure 7, reading F) on the characteristic for a pair of 
chains, x is found, and the position of the dock is defined 
as position 1. It is desired to determine a correction to 
apply to x, such that the dock may be rotated to position ée, 
in which position the moment produced by the chain reactions 
will equal the moment applied externally. For this step, 
the assumption is made that the moment excrted by the chains 
at either end of the dock is negligible. 
Considering the transverse chains only: 
{AM 2 Me a Mn = £Y(Fo); (1) 
a ¢y(F] + OF) to satisfy equilibrium 


Therefore M, sfYAF, since y has equal plus (2) 
and minus values 


But f'(x) = aF/dx 2 AF/a x 
Therefore OF =< axef'(x), approximately, (3) 
Substituting (3) in (2), 


M = £(y*Oxeft(x)). (4) 
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But, by siwhiler triangles, 


AX. »¥%a ory, 
y Ya 
QxX = Y*° AX, (5) 
Ya 


Substituting (5) in (4), 


: £| (yBsaxe+ft(x) te y~*dxX_°f' (x) x) | 


Factoring constants, 


Ms #' (@)* Ae, * & y@ (6) 
Va 
Or, 
T(x) Z y- 


In equation (6), axg is the only unknown, When 4 x, 
has been found, the remaining increments of displacement 
may be found from 4x, by applying ratios of distance from 
the center of the dock. The corresponding forces are read 
from the characteristic curve. 

The dock now occupies position 2. Correction for the 
effect of moment has been made to the first position resul- 
ting from pure transverse force, and the correction has 
caused a resulting error in trnasverse force. The next step 
consists of correcting this error in transverse foree, and 
to also correct the longitudinal force which was disturbed 


by the last operation. 


ee 


Factoring, 


SOM = AXa cy®ef' (x) 
Va 


From which, 


O Xp = EAMe Ya (14) 


qe) ee 

The process is repeated using relationships (10) and 
(14) until results are obtained Within the desired @ccuraey, 

Table 6 demonstrates the process for the example used. 
Coitiin 2 gives the total force divided by the mimber of 
chains, which is the load carried by each of the chains wien 
pume Torce is applied. Column 5 wives G@he value of = Tor 
this value of F. Column 4 tabulates f't(x). Column 5 con- 
tains Ax as found by equation (7). Column 6 is column 3 
plus column 5. In column 7 are recorded the forces corress 
pending to the walwe of x im column 6. Column 9 is tite 
corrective increment of x found from equation (10 above, 
Column 16 is Colima 12 wmultiplicd by coluwwn 12. The Vota 
of column 13, when subtracted from the external moment, 
gives the valuo of sigma delta M, used in equation (14) to 
find the values in column 17. The sum of column 16, the 
values entered there being column 15 multiplied by colwm 14, 
is also substituted in equation (14). Columns including 
column 18 and beyond repeat columns 6 through 17. 

In the example at hand, the increments of x reduce 
themselves to 0.02 fect or less when finding the sixth 


approximation. Had the points plotted on the graph beon 
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absolutely correct, and not estimated in the range from 

40 to 43 feet, reading of the graph with the seale used 

would still have doubtful accuracy with values of x expressed 
to 0402 feet or less, and the values of Torcee have an accum 
acy of plus or hinws 10 pounds: It ie, therefore, wee 
necessary to carry the procesé further, 

Tt Will be noted that the final values of F amd aime 
correct to 0.5%. It does not follow necessarily that the 
value of force found for each pair of chains is within 0.5% 
of the force that would exist had the actual conditions 
used been exactly duplicated and the forces measureds 
Brrors in the graph used, human error in-reading the graph, 
and the Mimitations of the slide rule eliniimate the postis 
bility of accuracy of as high a degree as 99.5%. Tho 
answers to the mooring problem are recorded to this high 
apparent accuracy in order that a condition as near as pos- 
Sible to complete equilibrium is cstablished, and the shear 
and moment values to be developed later will not show an 
error in equilibrium. Should the value of K measured, Trem 
an actual prototype situation differ as much as a foot, or 
more, it is evident that the distribution of forees along 
the length of the dock follows closely the distribution of 
forces to be found in an actual catenary, since the forces 
are plotted on a smooth curve which may be displaced right 
or left slightly from its true position, but which gives a 
good representation of the values of the forces in the chains 


one relative to another. If these values of chain forces, 
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accurate relative one to another, give equilibrium, then 

the values of the forees individually must alse be @eeirame, 
After the problem undertaken in this work became known 

to an engincer in the Bureau of Yards and Docks who had for- 

merly had experience in the suspension bridge ficld, he trans: 

mitted to the authors a set of formulas defining the catente;,, 

Like meny formules wsed in cugineering practice, they are 

het considercd to be generally known. They, ane Hot weed ip 

the analysis as presented herein, but they arc presetiived ac 

@ possiblo means of obtaining values of the characteristic 

Curves in the doubtful region where the chain does not lie 

tengent to the bottom. They will be used as a check on The 

highest chain reaction to ascertain the error in the char= 


acteristic curve as used. 


Ss Bs (tan A- tan B) 
v @ 2 (sec A - sec B) 
Wheros: 


S - the length of chain involved in the catenary. 

y - the length of the vertical projection of tho 
catenary. 

x - the length of the horizontal projection, 

H - the horizontal force at any point in the chain, 

WwW - the woight per foot of the chain. 

A - the acute angle the tangent to the curve at 
the point (x, y) makes with the horizontal. 

B - the acute angle the tangent to the curve at 


the point (0, 0) makes with the horizontal. 
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The accurate use of these formulas requires the use of 
six or seven place tables or a calculating machine. The 
choice of variables affects the usefulness of the formulas. 
If s, x, and y are fixed, and it is desired to find H/w, a 
triple triel and error method of golution must Be, wecd, a 
process Which, it is believed, could require the use of 4am 
electronic calculating machine. If s, y, and H/w are fixed, 
itt beimg desired to determine k, a double trial and error 
method must be used which is comparatively simple of solution. 

The value found for chain a-l by Table 6 will be chocked 
by the wee of these formullas. The chain has @ displacenent 
of 41.45 feet. Therefore x for the chain is 41.45 + 42.00 
+ 610.00 = 683.45 feet. The comparison will be made between 
this x value of 683.45 and the value of x obtained from the 
formulas when y, s, and H/w are fixed. 

y = (H/w) (sec A - sec B) 90 s 5040 (sec A - sec B) 

s « (H/w) (tan A - tan B) 700 = 5040 (tan A - tan B) 

Solution by trial and error gives A = 11° 16,33', 

B = 3° 27.45', within accuracy of five place trigono-~ 


motric and logarithm tables, 


x = (H/w) log, (tan (459 4 a/e2 
an +B 
; {gan 50° ge 
= 9040°2,50258 108) 6 She PL 


tan 50-38.17 log 408600 
tan 46-43.72 log i02622 
.00978 log 8.77656-10 


2.30258 log .36222 


5040 log 3.70248 
693.77 sum . 
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The actual computations for this Step are Given aa 
order to demonstrate that five place tablos are insmrticieg, 
for accurate results to five Sigmificanht Tiguret: Dae ler 
term, 0,05978, sensitive as it is to slignt crrons in aneke, 
and existing as it does in four significant figures, reduces 
the answer to accuracy of four significant figures or less, 
The value 695.77 differs from the value 695.45 ovtained by 
the analysis by O15 feet. This indicates that the chamece 
teristic curve used has a shapo closely approximating thie 
correct shape, and that the values of chain reactions de 
accurate, Gne With respect té the oWher., 

The solution above yields the angle the chain makes 
With the horizontal at its upper end. Since Tf « AH see Ay 


and the actual horizontal force is 5040e72.5 = 365500 pounds, 
the tension in the chain is 365500 sec 11°16! - 3655004 
1.0197 = 372000 pounds. 

Reference to Figure 4, the characteristic for one chain, 
shows that a chain with x = 42041.45 2 0.55 feet exerts a 
negligible force, and therefore, substantially all the hori- 
zontal force is taken by chain a=1l. Accordingly, that 


horizontal force may be all attributed to chain a-1 in com- 


puting the tension. 
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THE LOADED STRUCTURE 


The type of floating drydock under study does not lend 
itself to ease of stress analysis. Structurally, #ne doe: 
consists of two continuous wing walls, 20! x 55', placed 
160! apart center to center, on edge, to the bottoms of 
which are bolted ten pontoon sections, each covering 80! 
of wingwall length, there being 3' between each pontoon 
and the next. The bolted connection consists of 408 1-1/4" 
bolts, 204 at each wingwall, in slotted holes. The holes 
in the wingwall are slotted fore and aft and the holes in 
the pontoon are slotted transversely, the theory being that 
deflections and strains will not be transmitted by the 
connection. The Whole structwre as described ie 827' in 
length. 

Although structurally the wingwalls are continuous, 
they actually consist of ten pairs of sections carried by 
their respective pontoon sections in a folded position to 
the erection site, where the wingwalls are raised, and the 
wingwalls of adjacent sections are welded together by means 
of a splice three feet long. The cross sections of a splice, 
and of a wingwall, are shown in Figure 8. 

The @6ti@ners of this dock, Prédefick R. Harfi6, Isc. , 
computed the moment of inertia of these sections about the 
horizontal axis as a part of their design. The moment of 
inertia about the vertical axis was not computed by the 
designers. The computation for this moment of inertia is 


shown in Table 7. 
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VYhen the wind and chain loads already found are applied 
to the dock, th resisting action is very complex. The Wind 
loads are applied largely as a distributed load on the 
wingwalls. The chain loads are introduced at the pontoon 
deck level, and are transmitted through the bolted connec- 
tion to the wingwall. If this loading situation is viewed 
in cross section, the wingwalls will act as cantilevers, 
and the pontoon section will act as a beam with moment in- 
troduced by the two wingwallsi 

The wind loads applied on the wingwall vary alonz the 
length of the dock, as do the loads introduced to the 
wingwalls from the chains through the bolted connection. 
The various cantilevers in various cross sections will have 
different loadings, and therefore torsion must exist along 
the longitudinal axes of tne wingwalls. 

The variation in loading along the dock will produce 
shoars and moments in the wingwalls, considered to act as 
Simple beams, 

Should any degree of restraint exist in the bolted 
connection — bolt head friction, the pontoon, acting 
as a very deep beam, will aid the wingwalls in resisting 
bending moment. 

The principal actions performed by the dock in follow- 
inz nature's law of least work in absorbing the loading 
into the dock structure are, therefore: 

1. Wingwall cantilever action, and pontoon beam action. 
2. Wingwall torsion 


5. Wingwall bending 


oo? Vive Se fete "8s Gey 
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4. Pontoon bending as a deep beam. 

Wingwall cantilever action and wingwall torsion are 
disregarded for purposes of determining stress since the 
magnitude of the loading caused by the wind is a small 
fraction of the loadings used in the amalgsig of Wane dock 
under critical design conditions. Had the loadings been 
appreciable, and the analysis proven necessary, that anal- 
ysis would be worthy of separate study. The problem is 
complicated by the unknown rigidity of the joint between 
the wingwall and pontoon. The connection contains a rubber 
gasket which prevents rigidity. Loading distribution ver- 
tically as well as longitudinally would have to be known, 

VWingwell vending is considered to be the primeipal 
action. Pontoon bending may be considered to be negligible 
because of the probability of bolt head slippage which 
would prevent the pontoon sections from aiding the wingwalls 
in resisting bending. (Local stresses do exist in the 
pontoon as a result of transmitting chain loads to the wing 
Well, but the distribution of loadimg is unknown. The 
stresses would be small, if determined, since the loads are 
small and the beam is very deep. 

The stresses in flexure of the wingwall are analyzed 
under the following assumptions: 

1. The bolted connection and pontoon form a rigid 
foundation such that the connection resists all torsion 
which may develop as a result of loading the wingwall beam 


eccentrically. Therefore, the wingwall will act as a 
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simple beam, all loads upon which may be assumed to act 
through the point of zero torsion, or the torsion center, 

2. The bolted connection has absolute freedom of 
movement within the slots so that no bending is resisted by 
the pontoon, 

5. The chain loads are transmitted to the wingwall 
by means of the bolted conmection. The transfer 1s, um= 
doubtedly performed by distributed bearing, but for case 
im compitation, and considering the number of chain leads 
(14), approaching a distributed loading condition, the chain 
loads are assumed to be applied at points on the wingwall 
adjacent to the points Where the chains are connected, te 
the pontoon deck. 

4. Although the wind loadings on the two wingwalls 
a@re different, tho fact that the two Wingwalls are pinned 
together, so to speak, by the ten pontoon sections, causing 
one wingwall to have the same deflection in bending as the 
other, gives the assumption that the bending is resisted 
naif by one wingwall and half by the other. 

The sum and substance of these assumptions, stated 
simply, is that the wingwalls act as simple beams, loaded 
with the wind and chain loads already determined. 

Table &, “ingwall Moments and Shears, gives the values 
of moment and shear at every load point. The maximum 
moment 16 110,920 foot Kips, Which givés a &tress of 
55260x10/95889 = 5.76 ksi., half the moment being taken by 


each wingwall. 


The moment at both ends should be 950 foot=skips. The 
discrepancy of 4495 foot kips at one end may seen excessively 
large, but it must be notieéd that shear, one Sources oF 
error, has a discrepancy of 7.9 kips, within 0.5, of Equili- 
brium. Should there be no error in moment due to lack of 
equilibrium in moment, the error Which 7«9 Kipe could pro- 
duce, should it be active for the Waele length of the Gea, 
@oulld be 7,9K779.0 = 6150 foot kiips, Which is greater then 
the error involved. The reason for attempting to ovdtain 
equilibrium to 0.5% or better, although individual chain 
ferces might hawe a greater error, is now evidemt. 

It is also possible to approximate shear stresis in the 
Tine well splice, Consi@ering the Splice cross SeCTiion, it 
is evident that since the shear loading is introduced in 
the plane of the bottom splice plates, substantially all the 
Shear resistance will be taken in these plates. The side 
plates will yield in bending. The top plates will yield in 
bending as a result of torsion. The splice taken as a whole 
will resist a scissors action, the pivot being at the top 
deck. 

The maximum shear between sections is between sections 
5 and 4, 720 kips. The area of the bottom plates is 480 sq. 


in. The stress is therefore 720/480 - 1.5 ksi. 


a) «mH 
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CONCLUSIONS AND RECOMMENDATIONS 


The chain reactions, bending moment&6, shears, and 
stresses obtained in the preceding sections were found by 
a new method which is believed to follow the actual physical 
conditions of the problems with sufficient accuracy to yield 
results with acceptable accuracy. The basis of the method 
is original, but an effort was made, as far as possible, to 
utilize knowledze gained in the few previous attempts to 
analyze this problem, and any other problems having bearing 
en the one at hand. 

No attempt is made to state as a definite conclusion 
whether or not the mooring would fail under a load caused 
by a wind of 120 miles per hour, or whether or not the 
stresses resulting would be excessive. In the example at 
hand, certain conclusions are reached, which are valid 
under the assumptions used. It must be realized that 
different conditions of the problem, caused by changing 
One or more of the variables, such aS chain length, chain 
weight, depth of water, dock freeboard, mooring plan, wind 
velocity, initial chain tension, or dock length, or by the 
inclusion of other forces, such as current, wave, or inertia 
forces, would require a separate analysis following the 
method outlined. The numerical conclusions, therefore, 
cover only the given case, and are included in order to 
demonstrate the results which may be reached by use of 


the method. 
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The horizontal force exerted by the Maximum chigin 1 
365500 pounds, with a corresponding tension of 572000 
pounds. The standard mooring consists of 5" cast steel 
chain, connected to a $0,000 pound stockless stecl> 
anchor. The proof load of 3" chain is 495,000 pounds. © 
The working load, by 3ureau of Yards and Decks practice, 
is taken as 35% of the breaking strength. The working load 
for 3" chain is therefore 242,000 pounds, which indicates 
thet a o” chain is insuffaciont for this loaditige The 
breaking strength of a chain required to carry 572000 
pounds is 1062000 pounds, based on 35% loading. A 3-7/8" 
chain has a breaking load of 1110210 pounds. 

To camry the process to completion, the amalgéas 
should be repeated using a chain having the weight per foot 
ef a G27/6" chem, 

The 50000 pound anchor used is capable of carrying a 
horizontal force of 215000 pounds, based on the convention 
that a Stockiess anchor Will hold 7.1 times its’ weight in 
a sandy bottom.© This anchor is not sufficient to carry 
the load. Although the anchor choice should be made after 
substituting the 3-78" chain, in the analysis, or any 
further substitutions, should the 3-7/8" chain not prove 
Satisfactory, the anchor choice, for sake of example, will 
be made on tne basis of the forces found in the example 


used. The weight of the anchor required (7.1 divided into 


1 Fredcrick R. Harris, Inc. "Operating Manual, Battleship 
2 Floating DryDock" 
Navy Department, "Mooring Manual" 


the horizontal force) would be 52000 pounds. 

The maximum flexural stress exists in the Splace 
betwoen sections 5 and 6, in the side plates of the Spl vee. 
The walue of Ghis strees is 5760 pein Im itiseliy Wats 
stress is smald, but it may be added to Stress Petsed by 
other loadinzs on the structure, such as hogging or sagging. 

The maximum shear stress exists in the splice between 
section® 5 and 4, in the bottem phates of the Gplice, The 
Valbuc of this stress 15 T5000 psiix Again, Dhits Stress ihe 
Saa11, OW may be additive to other Stresses. 

The procedure followed was outlined before work was 
started,s As the analysis of the exemple talsen progressed; 
certain improvements appeared advisable. Those that were 
anticipated were, of course, incorporated in ‘the amalysis, 
aad are wot fneluded in this Section, These thet Seca 
evident after completion of the various phases of the 
Imolysiis Gre presented Here for future use. 

Tme wsewof the cetenary equations ace applied to 
swepension bridges for the portion of the catenary charac- 
veristic where the chain i's not tangent to the bottom is 
recommended. It is suggested that x, y, and H/w be cstab- 
lished and the corresponding x found. 

The catenary curves were drawn with the use of four 
place tables and ten inch slide rule. Although the points 
found formed a smooth curvo, it is recommended that tables 


of hizher accuracy be used in conjunction with o calculating 
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machime in finding podmts on the curve. 

It may be pointed out that familaes of eumvers) Tor 
difforent depths and different values of initial tension 
could be drawn, available for Solution of aay particular 
problem. These curves might well be made on the basis of 
a chain Weigit of Unity as usdéd dm ‘this analysis. OG ae to 
be noticed that for initial tension of moderate valuc, the 
effect ef the lee chains ys Small. Thits showhd mot De Palsen 
as a general Law, a& hiffh values of initial tensien would 
cause the lee chains to affect the problem appréicuabiy. 

The results of the analysis can be Mo better Haan the 
loading used. The application of this method would be 
more practical after pressure and load distributions of 
wird, current and wave forces have been determined which 
have been cstablished as accurate. The stresses and chain 
loads found will undoubtedly be larger when combined 
Wind, ewrrent, end wave loads are applied, 

If a more refined mothod of stress computation were 
desired in any future use of the method, it is Suggested 
that @ more refined system of loading be used, distributing 
wind loads as they actually occur, and taking into account 
the distribution of chain reactions from pontoon to wingwall 
through the bolted connection. 

A more refined analysis would require the consideration 
of the deflection of the dock undor the appliod louding. 
This deflection in itself would change the loading by mod- 


ifying the chain displacument by a small, yet appreciable, 
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amount. A possible general method of accomplishing this 
process would be to find the loads assuming a rigid dock, 
find the deflection of the dock caused by this Loading, 
change chain reactions accordingly, and repeat the process 
until errer is reduced to Zefo.« 

For an exact analysis, the effect of chain elhasticity 
should be taken into account. The load carried by a chadn 
causes elongation of the chain, and correction would have 
to be made to the characteristic eurve of the ecatenmary to 
account Por the greater length of chaim. 

Involved in a complete analysis of the structural 
problem would be an analysis of local stresses around the 
peint of connection of the mooring Gaain to the Goek. 
Failure at this point wowld be equally as seriows as 
failure of a chain, and much more serious than the dragging 
6f ah amenor, 

Refined analysis would include a complete analysis 
ef the work of the structure in resisting the applicd 
loads. The major types of action have been enumerated, and 
the analysis could include many more types, limited only 
by the designor's imagination and the valuc of indeterminate 


structural analysis. 
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